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ABSTRACT
Objectives The fragmentation of the response to the 
COVID- 19 pandemic at national, regional and local levels 
is a possible source of variability in the impact of the 
pandemic on society. This study aims to assess how 
much of this variability affected the burden of COVID- 19, 
measured in terms of all- cause 2020 excess mortality.
Design Ecological retrospective study.
Setting Lombardy region of Italy, 2015–2020.
Outcome measures We evaluated the relationship 
between the intensity of the epidemics and excess 
mortality, assessing the heterogeneity of this relationship 
across the 91 districts after adjusting for relevant 
confounders.
Results The epidemic intensity was quantified as the 
COVID- 19 hospitalisations per 1000 inhabitants. Five 
confounders were identified through a directed acyclic 
graph: age distribution, population density, pro- capita 
gross domestic product, restriction policy and population 
mobility.
Analyses were based on a negative binomial regression 
model with district- specific random effects. We found 
a strong, positive association between COVID- 19 
hospitalisations and 2020 excess mortality (p<0.001), 
estimating that an increase of one hospitalised COVID- 19 
patient per 1000 inhabitants resulted in a 15.5% increase 
in excess mortality. After adjusting for confounders, no 
district differed in terms of COVID- 19- unrelated excess 
mortality from the average district. Minimal heterogeneity 
emerged in the district- specific relationships between 
COVID- 19 hospitalisations and excess mortality (6 
confidence intervals out of 91 did not cover the null 
value).
Conclusions The homogeneous effect of the COVID- 19 
spread on the excess mortality in the Lombardy districts 
suggests that, despite the unprecedented conditions, the 
pandemic reactions did not result in health disparities in 
the region.

INTRODUCTION
Since the start of the COVID- 19 pandemic, 
many different actions have been undertaken 
worldwide to fight the direct and indirect 
consequences of the disease. Although many 
of these actions have been implemented at 
the national level, a plethora of measures 
have been taken locally by provinces, cities, 
healthcare systems and individual hospitals. 
Such measures included decisions of munic-
ipal public health authorities on restrictive 
measures and bans, advertising campaigns, 
revolutions in hospital management and 
drastic reorganisations of the emergency 
medical services. Notably, the implemen-
tation of these actions has been affected 
by contextual circumstances, such as the 
sudden increase in infection incidence, the 
capacity of decision- makers, the resilience 

STRENGTHS AND LIMITATIONS OF THIS STUDY
 ⇒ We leveraged a wide set of population characteris-
tics, including real- world data on all the COVID- 19 
hospitalisations in the region, to explain the ob-
served heterogeneity of excess mortality in the most 
populous Italian region.

 ⇒ Over the year 2020, the official counts of infec-
tions were not an accurate measure of the spread 
of SARS- Cov- 2 in the population because of the 
insufficient test availability throughout the year. We 
used the COVID- 19 hospitalisations as a proxy of the 
spread of the virus.

 ⇒ Our study only addresses the immediate excess 
mortality observed in 2020. Future work should fo-
cus on the long- term effects of the pandemic.
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of physicians and nurses and the citizens’ compliance. 
All these factors contributed to the fragmentation of the 
response and may represent a source of heterogeneity for 
the effectiveness of the actions on the quality of the health-
care provided. In this context, understanding what has 
made a difference in mitigating the effects of COVID- 19 
is essential to improve future preparedness for similar 
crises. In this study, we aimed to evaluate how much of 
this variability affected the containment of the burden 
of the COVID- 19 epidemic. We focused on Lombardy, 
the Italian Region that was first and most affected by the 
SARS- CoV- 2 pandemic.1

The easiest way to appraise the cumulative burden 
of the COVID- 19 pandemic is by counting the number 
of people who died as a consequence of the disease.1–4 
However, it has become clear that the COVID- 19 toll has 
been far heavier than the deaths directly caused by (or 
attributed to) the disease. Social and economic reces-
sion due to restrictive national policies,5–9 interruption 
of routine screening programmes,10–14 lack of resources 
usually allocated to out- of- hospital healthcare, shortage 
of hospital beds and many other consequences of the 
pandemic have taken their tribute in terms of avoid-
able deaths.15–17 In Lombardy, out of a population of 
around 10 million inhabitants, 4 78 903 patients were 
infected in 2020, and 25 123 died of COVID- 19.1 This 
amount, however, only accounts for 69% of the overall 
excess mortality, as emerged by comparing the total 
number of deaths in 2020 (136 249) to the mean of 
the five previous years (99 749.4), as registered by the 
Italian National Institute of Statistic (ISTAT).18 There-
fore, it has been recommended to consider the overall 
excess of mortality, computed by comparing actual data 
to the prepandemic period, to assess the true burden of 
COVID- 19.19 20

Several studies have been dedicated to the accurate esti-
mation of the mortality excess and its comparison across 
countries or regions,21–26 both overall and in strata of the 
population (primarily sex and age group), with most of 
them presenting estimates for the Lombardy region or 
smaller areas therein.22–26 Other studies have focused 
on the contribution of specific variables to the differ-
ences in excess mortality observed over geographical 
areas,27 28 such as air pollutants, meteorological factors, 
availability of healthcare resources, demographic vari-
ables and socioeconomic characteristics. However, to 
the best of our knowledge, no previous study aimed at 
assessing the heterogeneity of the relationship between 
the intensity of the SARS- COV- 2 epidemic and the overall 
excess mortality to understand if the local response to the 
pandemic impacted the excess mortality, after adjusting 
for the possible differences in the spread of SARS- COV- 2 
in the studied area. With the present analysis, we fill this 
gap by studying such a relationship in Lombardy and eval-
uating whether we observed differences over the territory 
as a result of local resilience.

MATERIAL AND METHODS
Study design and data collection
This study is part of the Tsunami project, funded by 
the Lombardy Region to evaluate the consequences of 
COVID- 19 on the regional emergency system.

To study the impact of the pandemic at the local level, 
we considered the healthcare and social district as the 
geographical unit of reference. This is the smallest official 
unit identified by the Lombardy Region as composed of a 
group of adjacent municipalities sharing common public 
services (eg, healthcare facilities or places of education). 
There are 91 districts in Lombardy.

Our primary outcome was the overall excess mortality, 
computed for each district as the ratio between the 
deaths that occurred in 2020 among the residents and 
the average annual deaths recorded from 2015 to 2019. 
The yearly deaths were retrieved from the ISTAT public 
database.29

The exposure of interest was the spread of the pandemic 
within the districts. We could not represent this phenom-
enon with the official counts of infections, because of 
the substantial difference in SARS- CoV- 2 test availability 
throughout the year. Hence, we used the percentage of 
the residents in the districts hospitalised with COVID- 19, 
being this much more consistent and highly correlated to 
the true prevalence of the disease. The Lombardy Region 
provided these data.

To identify the relevant confounders of the relation-
ship between overall excess mortality and the spread of 
the pandemics, we represented the causal network under-
lying the direct and indirect effects through a directed 
acyclic graph (DAG). These graphs are well- established 
tools to outline potential confounders and identify the 
factors that must be taken into account in adjusted anal-
yses.30 31 The DAG was developed by a multidisciplinary 
team of ED doctors, epidemiologists and statisticians, 
following a Delphi- modified consensus process. Further 
details are provided in online supplemental material.

The DAG representation suggested that five district- 
level variables could act as confounders in our study: age 
distribution, population density, pro- capita gross domestic 
product (GDP), restriction policies and mobility of people. 
Population characteristics of each district were collected 
from the ISTAT archive.29 Data regarding pro- capita GDP 
were collected from the data repository curated by the 
Lombardy Region, updated to 2016.32 We considered six 
periods, corresponding to different restriction policies 
implemented in Lombardy: (1) pre- COVID- 19 (P1), from 
1 January to 8 March, when no restrictive measure was 
put in place at the regional level; (2) first wave, hard lock-
down (P2), from 9 March to 2 May, when all retail stores 
were closed, except for those providing basic needs, and 
a stay- at- home order was imposed; (3) first wave, soft lock-
down (P3), from 3 May to 13 June, when the stay- at- home 
order was lifted and retailers were allowed to open with 
strong restrictions (eg, bars and restaurants could only 
sell goods with takeout or delivery orders); (4) summer, 
no lockdown (P4), from 14 June to 13 September, when 
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most restrictions were lifted; (5) resumption of activities, 
no lockdown (P5), from 14 September to 5 November, 
when school started and most jobs resumed in- person 
activities and (6) second wave, hard lockdown (P6), 
from 6 November to the end of the year, when a new 
stay- at- home order and stringent restrictive measures 
were issued.33 As a proxy of people’s mobility, we used 
data provided by the largest Italian phone carrier (TIM) 
regarding movements of mobile phones in 2020, aggre-
gated at the province level. These data log each time a 
mobile phone switches from one radio cell to another. 
We used the ratio between the observed movements in 
each study period and the corresponding value observed 
during the P1 period. Notably, provinces in Lombardy 
(12 in total) represent greater areas than districts, so 
that we attributed the same mobility value to all districts 
belonging to the same province.

Statistical analysis
Counts and proportions were used as descriptive statistics 
for categorical variables, median and IQR for ordinal and 
continuous variables, and mean and SD for continuous 
variables; appropriate 95% CIs were computed for each 
estimate of interest.

To model the overall excess mortality of the 91 districts 
over the 2020 periods, we developed a multivariable nega-
tive binomial regression model. We opted for a negative 
binomial distribution to account for the overdispersion 
of the response variable, observed in preliminary explor-
atory data analyses. We considered the count of 2020 
deaths as the response, while we included the logarithm 
of the expected deaths (ie, the average number of deaths 
observed in the district in 2015–2019) as an offset, so that 
the coefficients of the predictors measured the effect of 
the corresponding variable on excess mortality. The five 
identified potential confounders were forced into the 
model, together with our exposure of interest (percentage 
of COVID- 19 hospitalised patients). Concerning the age 
distribution of the district, we considered the percentage 
of the population older than 65 years old.

To account for the possible correlation of the excess 
mortality along the time periods of the same districts 
and to model the residual district- level heterogeneity, we 
added two district- specific random effects to the model, 
one on the intercept and one on the coefficient of the 
percentage of COVID- 19 hospitalised patients.

We performed different analyses to verify the adequate-
ness of the model’s assumptions. First, our negative bino-
mial regression model assumed a linear relationship 
between the quantitative variables and the logarithm of 
the excess mortality. To verify this assumption, we fit a 
generalised additive model (GAM) with the same predic-
tors considered and evaluated whether a non- linear rela-
tionship emerged from the estimated smooth functions. 
By flexibly modelling the association between covariates 
and outcomes, GAMs enable the detection of the correct 
transformation of the quantitative variables included in 
the model.34 Second, to verify whether assumptions about 

the mean and variance of the response were violated, we 
graphically inspected the residuals of the model, plotting 
them against predicted values and quantitative covariates. 
Third, we verified whether the distributional assumption 
of the response was adequate by testing whether a simpler 
Poisson distribution instead of the negative binomial 
distribution could be assumed.

Data were analysed using R, V.4.1.0.35

Patient and public involvement
None.

RESULTS
About 36 500 more deaths were registered in Lombardy in 
2020 compared with the annual mean number of deaths 
in 2015–2019. Tables 1 and 2 present the fixed and time- 
dependent characteristics of the population.

We observed a similar age distribution across the 
districts, with about 45% of the inhabitants being 50 years 
old or older.36 Conversely, high heterogeneity of densities 
was observed across districts, reflecting the coexistence 
of metropolitan, rural and mountain areas in Lombardy. 
We calculated that 48% of the population lives in high- 
density areas with more than 1000 inhabitants/km2. 
Between- district heterogeneity in pro- capita GDP was also 
observed, with most districts being in the range between 
20 000 and 25 000 euros per year.

As expected, mobility reached its minimum value 
during the first lockdown period (P2). The number of 

Table 1 Demographic characteristics of the districts in 
Lombardy

Variable Descriptive statistic

Mean age (years)

  Median (Q1, Q3) 45.05 (44.02, 45.86)

  Range 41.85–48.90

Proportion of residents aged 65 years or older (%)

  Median (Q1, Q3) 23.02 (21.40, 24.45)

  Range 18.43–28.83

Density (residents/km2)

  Median (Q1, Q3) 576.00 (232.19, 1188.08)

  Range 28.27–7684.47

  <500—N (%) 43 (47.25)

  500–1000—N (%) 21 (23.08)

  >1000—N (%) 27 (29.67)

Per capita GDP (Euro/1000)

  Median (Q1, Q3) 21.29 (19.56, 22.60)

  Range 15.56–30.74

  <20—N (%) 27 (29.67)

  20–25—N (%) 55 (60.44)

  >25—N (%) 9 (9.89)

GDP, gross domestic product.
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movements rapidly increased soon after the restriction 
policies were loosened. Within periods, we observed large 
between- province differences, which can be explained by 
the inhomogeneity of the territories in terms of popula-
tion density.

Concerning excess mortality, two peaks associated with 
the major pandemic waves (P2 and P6) clearly emerged. 
We observed a greater excess mortality and a much wider 
variability among districts in the first wave. Specifically, in 
P2, the median excess mortality across the districts was 
2.44 (ie, the 2020 deaths were about two times and a half 
the average of the yearly deaths in 2015–2019), while the 
first and third quartiles were 1.85 and 3.49. The excess 
mortality was more uniform during the second wave (P6, 
median excess mortality: 1.47, Q1–Q3: 1.18–1.72).

The results of the multivariable model are presented in 
table 3. As expected, the number of COVID- 19 hospitalised 

patients was positively associated with the 2020 excess 
mortality (p<0.001), with a rate ratio (RR) of 1.155 (95% 
CI 1.133 to 1.176), meaning that an increase of one hospi-
talised COVID- 19 patient per 1000 inhabitants was associ-
ated to an increase of 15.5% of the excess mortality, after 
adjusting for the other covariates. Regarding the inde-
pendent effect of the periods representing the different 
restriction policies, all except P5 were significantly asso-
ciated with excess mortality. Compared with P1, P2 was 
characterised by a 77% higher excess mortality (RR 1.768, 
95% CI 1.565 to 1.998), while it was 10% higher in P3, P4 
and P6. The coefficients of all the other variables were 
not significantly different from zero.

The district- specific random effects are presented in 
figures 1 and 2. All of the 95% CIs of the district- specific 
intercept effects (figure 1) included the null value, which 
means that, after adjusting for the other variables in the 

Table 2 Description of the districts with respect to the time- dependent variables

Variable
P1
Pre- COVID- 19

P2
first wave, hard 
lockdown

P3
first wave, soft 
lockdown

P4
summer, no 
lockdown

P5
resumed activities, 
no lockdown

P6
Second wave, 
hard lockdown

Dates 1 January–8 
March

9 March–2 May 3 May–13 June 14 June–13 
September

14 September–5 
November

6 November–31 
December

Daily movements* (compared with P1)

  Median 
(Q1, Q3)

1.00 (reference) 0.50 (0.44, 0.52) 0.82 (0.80, 0.85) 0.91 (0.89, 0.98) 1.14 (1.09, 1.15) 0.87 (0.84, 0.89)

Hospitalised COVID- 19 patients (per 1000 residents)

  Median 
(Q1, Q3)

0.28 (0.05, 0.97) 2.50 (1.45, 5.76) 0.20 (0.11, 0.36) 0.18 (0.09, 0.27) 1.20 (0.78, 1.53) 2.55 (1.63, 3.25)

Mortality excess (deaths 2020/average deaths 2015–2019)

  Median 
(Q1, Q3)

1.00 (0.92, 1.09) 2.44 (1.85, 3.49) 1.09 (0.99, 1.14) 1.02 (0.97, 1.09) 1.16 (1.05, 1.26) 1.47 (1.18, 1.72)

*Mobility data were available at the province level, so the median and Q1–Q3 refer to the distribution of the 12 provinces in Lombardy.

Table 3 Estimates of the negative binomial regression model

Variable Coefficient RR P value

Intercept 0.032 (−0.310, 0.374) – 0.856

Hospitalised COVID- 19 patients (per 1000 inhabitants) 0.144 (0.125, 0.162) 1.155 (1.133, 1.176) <0.001

Proportion of residents aged 65 years or older (/10) −0.067 (−0.148, 0.013) 0.935 (0.862, 1.013) 0.109

Density (residents/km2) 0.006 (−0.008, 0.021) 1.006 (0.992, 1.021) 0.409

Per capita GDP (Euro/10 000) 0.029 (−0.048, 0.106) 1.029 (0.953, 1.111) 0.463

Daily movements (compared with P1) −0.026 (−0.247, 0.195) 0.975 (0.781, 1.216) 0.820

Period

  P1—pre- COVID- 19 0.000 (reference) 1.000 (reference) –

  P2—first wave, hard lockdown 0.570 (0.448, 0.692) 1.768 (1.565, 1.998) <0.001

  P3—first wave, soft lockdown 0.111 (0.048, 0.174) 1.117 (1.049, 1.190) <0.001

  P4—summer, no lockdown 0.078 (0.031, 0.125) 1.081 (1.032, 1.133) <0.001

  P5—resumed activities, no lockdown 0.039 (−0.011, 0.090) 1.040 (0.989, 1.094) 0.128

  P6—second wave, hard lockdown 0.098 (0.038, 0.158) 1.103 (1.038, 1.171) <0.001

GDP, gross domestic product.
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model, none of the districts differed in terms of overall 
excess mortality from the typical district (ie, the one 
with median effect on excess mortality). A slightly higher 
between- district heterogeneity emerged from the random 
effect on the coefficient of COVID- 19 hospitalised 
patients. Six districts showed a coefficient significantly 
different from 0. In four, it was negative, meaning that 
the impact of the amount of COVID- 19 hospitalisations 
(ie, the spread of the pandemic) on the excess mortality 
was lower than the average. Interestingly, three of these 
districts had a positive unadjusted excess mortality (5.28, 
3.21 and 2.96). In other words, they experienced an 
epidemic wave intense enough to cause an increase in 
mortality compared with previous years, but this increase 
was less important than what it would have been if the 
same number of infected individuals had been observed 

in the average district. Two other districts showed a posi-
tive random effect on the coefficient of COVID- 19 hospi-
talisations. In these districts, the increased number of 
infections caused an increase in mortality greater than 
expected, considering the average effect observed in the 
other districts.

The estimated smooth function of the quantitative vari-
ables through the GAM model did not provide evidence 
of a non- linear behaviour and the inspection of the 
residual plots did not raise concerns on violations of the 
model’s assumptions. The comparison of the negative 
binomial model with a simpler Poisson model confirmed 
the preliminary evidence of overdispersion in our data 
and, thus, the need for the negative binomial distribution 
for the response.

DISCUSSION
Lombardy was the first area of the Western countries to 
be severely hit by the SARS- CoV- 2 pandemic in 2020. This 
phenomenon, however, was by no means homogeneous 
in the regional territory, with districts only marginally 
affected and others critically hit by outbreaks over the 
year. As a result, when comparing the number of deaths 
between 2020 and 2015–2019, we observed high hetero-
geneity in mortality differences across the Lombardy 
districts, ranging from reductions of about 30% to 
more than 6- fold increases. Accordingly, the response of 
local public health and healthcare authorities was very 
different. While the activities of hospitals and community 
healthcare services were suddenly turned upside- down in 
some districts, others only dealt with minor preparedness 
actions.

In this context, the local, district- level response is the 
lowest of a three- level hierarchical structure of actions, 
where regional and national initiatives represent the two 
higher levels. The common, final goal of all actions put 
in place was to minimise the impact of the pandemic on 
patients and society, but also to limit the possible health-
care disparities among patients, after taking into account 
the heterogeneity of the spread of the virus on the terri-
tory. Indeed, safeguarding the rights of the citizens to 
health and medical care is one of the duties of public 
institutions, at least in the European Union.

Specifically, when confronted with a pandemic, the 
public commitment translates into minimising the risk of 
infection for the population and providing all infected 
individuals with the best healthcare. However, given the 
abrupt spread of SARS- CoV- 2 during the first waves and 
the initial lack of knowledge about virus and caused 
disease, it was impossible to prevent the pandemic from 
evolving with very different intensities in different areas 
of the region in 2020. Hence, while public health institu-
tions had minimal control over the heterogeneous spread 
of the virus across the region, they hold full responsibility 
for the quality and, specifically, the homogeneity of the 
healthcare provided to infected patients. Accordingly, 
we need to evaluate the variability of excess mortality in 

Figure 1 Estimates of the district- specific random effect 
about the intercept reported as the district- specific increase 
of excess mortality as compared with the average district.

Figure 2 Estimates of the district- specific random 
effects about the coefficient of the number of COVID- 19 
hospitalisations reported as the district- specific increase of 
excess mortality for each additional hospitalised patient per 
1000 residents as compared with the same increase in the 
average district.
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the territories under their jurisdiction to assess whether 
public health institutions successfully fulfilled at least 
their duty to limit the possible healthcare disparities 
among patients. We, therefore, compared the overall 
excess mortality across the various districts, controlling 
for indicators of the magnitude of the pandemic wave.

We developed a mixed- effect negative binomial regres-
sion model explaining the excess mortality observed in 
2020 with period- level and district- level characteristics. 
The random effects modelled the between- district unob-
served heterogeneity and were applied to the intercept 
and the variable measuring the wave magnitude, that is, 
the percentage of COVID- 19 hospitalised patients. The 
random component on the intercept represents the 
heterogeneity of the districts in terms of the contribution 
to the excess mortality not related to the spread of COVID- 
19. By modelling the heterogeneity of such contribution, 
we were able to test whether districts differed in terms of 
the component of the excess mortality explained by the 
general situation and not by the number of COVID- 19 
cases. Similarly, the random component applied to the 
percentage of COVID- 19 hospitalised patients represents 
the heterogeneity of the districts in terms of the excess 
mortality directly related to the spread of COVID- 19.

Concerning the intercept, none of the district- related 
random effects was significantly different from zero. 
This means that in 2020 the excess mortality observed 
in Lombardy was entirely attributable to the surge of the 
pandemic. No other factor independently contributed 
to this phenomenon, and none of the districts behaved 
differently in this regard. On the other hand, as expected, 
we found a positive association between the number of 
COVID- 19 hospitalised patients and excess mortality. The 
excess mortality increased by 15.5% for each additional 
hospitalised patient per 1000 inhabitants. Only 6 of the 
91 regional districts (6.6%) presented a random effect 
significantly different from 0. Notably, when computing 
several independent 95% CIs, about 5% of them are 
expected to depart from the null value even under the 
null hypothesis. Therefore, there is very limited evidence 
supporting the existence of districts where the COVID- 
19- related excess mortality was truly different from the 
average. We conclude that the district of residence did 
not represent a source of discrimination in terms of 
survival chances, at a parity of COVID- 19 spread.

This finding suggests that the inevitable differences in 
resilience capacity across districts did not generate health 
disparities over the region, possibly due to the actions 
undertaken by the regional government. As an example, 
the efforts of the Lombardy Agency for the Emergency 
System were precisely directed towards the management 
of the region as a whole, coordinating interhospital trans-
fers and the transportation of high volumes of patients 
over the regional territory, even far from the emergency 
scene. Notably, this does not mean that the regional 
government undertook the best possible actions to mini-
mise the impact of the pandemic. To address such a ques-
tion, we should apply the same approach at the national 

level, thus comparing excess mortality of different 
regions, at a parity of COVID- 19 spread.

An alternative explanation of the observed uniformity 
among districts could be the ineffectiveness of all the 
actions undertaken at the district level for the survival 
of the citizens. This hypothesis, however, conflicts with 
two considerations. First, the evidence about the efficacy 
of steroids became available very soon,37 well before the 
second wave of 2020. Second, the overall excess mortality, 
which is the focus of our study, was the result of both 
direct and indirect effects of the pandemic, with the latter 
effects being certainly sensitive to the actions that were 
put in place. These considerations make the hypothesis 
of non- responsiveness to all of the implemented actions 
extremely unlikely.

Besides the possibility of addressing the main objective 
of the study, our model offers further insights about the 
confounding variables that were considered as covariates. 
The association between excess mortality and calendar 
time, population density, proportion of old population 
and pro- capita GDP has been previously studied in the 
literature,27 28 although the choice of different adjusting 
variables and modelling techniques prevents the direct 
comparison of the results. To the best of our knowledge, 
no previous study has explored the role of mobility on 
excess mortality in Lombardy. Specifically looking at the 
estimates of our model, we found a significant indepen-
dent impact on excess mortality of all time periods, except 
for P5 (resumption of activities, no lockdown). Such a 
variable was meant to measure possible time- dependent 
dynamics, not captured by the other covariates in the 
model. Remarkably, the relative risks associated with 
all the significant periods but P2 (first wave, hard lock-
down) were around 1.1. Nonetheless, we can speculate 
that the relative risk of P2 was overestimated. During 
the first wave, the hospital laboratories did not have 
adequate resources to timely process the nasopharyngeal 
swabs of all suspected cases, and this scarcity of resources 
hindered the use of COVID- 19 tests for contact tracing. 
In this context, the large number of unrecognised infec-
tions may have contributed to the underestimation of the 
independent effect of the variable ‘COVID- 19 hospital-
ised patients’ on excess mortality in the early stages of the 
pandemic. We hypothesise that the coefficient of the P2 
indicator absorbed such a lack of accuracy.

Overall, the time effects point towards a significant 
contribution to the excess mortality that was independent 
of the prevalence of the disease. Such an effect increased 
excess mortality by around 10%, with some uncertainty 
in the very first phase of the pandemic. It is tempting to 
think that this effect reflects the indirect impact of the 
pandemic, which involves people who were not affected 
by COVID- 19 but suffered from the reorganisation of 
the healthcare system to cope with the new disease. This 
hypothesis would also explain the subsistence of the time 
effect after the wave waning.

All the other variables considered in the model did not 
significantly affect excess mortality. The homogeneity of the 
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Lombardy districts in terms of age distribution may explain 
the lack of association between population age and excess 
mortality. On the other hand, while the relationship between 
average wealth of a population and outcomes is well estab-
lished for chronic illnesses, the same relationship unlikely 
holds for acute diseases. Similarly, population density and 
mobility were not associated with excess mortality. Though 
we can expect both variables to significantly impact the 
spread of the disease, their lack of association with the 
survival of patients is not surprising. On the one hand, 
healthcare services are tailored to the population density. 
On the other hand, our mobility data referred to territorial 
units larger than districts, which may have diluted our ability 
to recognise any possible effect. Furthermore, because of its 
correlation with the considered time periods, the effect of 
population mobility may have partially been captured by the 
time variable.

While our findings are based on the Lombardy data and 
our results are limited to the districts of the region, the meth-
odological framework described in this study can be gener-
alised well beyond the regional and national borders. Future 
research can leverage our rigorous selection of confounders 
and apply our modelling approach to measure whether 
public health responses resulted in a heterogeneous mortality 
excess across geographical areas of interest.

Our study has limitations. First, we are aware of the 
constraints to administering COVID- 19 tests in P2 caused 
by the lack of laboratory resources, which affected the 
number of infections and infection- related deaths in that 
period. While we partially addressed this issue by consid-
ering the number of hospitalised patients in our model, 
the lack of a reliable indicator of the disease prevalence 
leaves some uncertainty regarding the estimates of that 
period.

Second, with respect to the mobility data, since we 
could not obtain data from the previous year (2019), 
movements in the region were compared with the data 
registered during the first months of 2020, when SARS- 
CoV- 2 was still absent, instead of relativising 2020 data 
to the corresponding period in 2019. Therefore, the 
adopted variable may have partially absorbed possible 
seasonal variations in regional mobility. Moreover, we 
only disposed of this data at a coarser granularity, that 
is, at the province level, while all the other variables were 
available at the district level.

Third, to compute the excess mortality in the health-
care districts, we compared the mortality observed in 
2020 to the average of the historical mortality data from 
2015 to 2019, which was considered as the mortality that 
could have been observed if the COVID- 19 pandemic had 
not hit the Lombardy region. In contrast, other studies 
used sophisticated statistical models to estimate the 2020 
expected mortality, both on international data21–23 and 
in the Italian context,25 26 accounting for other informa-
tion such as annual trends and temperature data. While 
the average of historical data provides a rougher esti-
mate of the expected mortality, this approach has been 
widely adopted by the ISTAT18 and Eurostat38 to estimate 

COVID- 19- related excess mortality, as well as by other 
studies in the literature.24 27 28

Fourth, the developed model included district- specific 
random effects, thus accounting for the correlation of 
the observed excess mortality within healthcare districts 
over time. However, our model did not account for the 
possible correlation among nearby districts. Previous studies 
modelled the geographical structure of Italian municipali-
ties25 or regions23 to explicitly introduce a higher correlation 
among the observed mortality excess in geographically closer 
areas. Because our analysis was performed at the district level, 
where individuals have access to the same healthcare facilities 
and social services, we expect the between- district correla-
tion in excess mortality to be much smaller than what exists 
among lower- level geographical units, such as municipalities. 
Nonetheless, the sensitivity of our results to the introduction 
of spatial effects should be explored in future research.

Finally, it is important to note that the effect of the 
pandemic on the 2020 Lombardy population will likely 
go well beyond the year, for the postponement of non- 
COVID- 19 non- urgent healthcare (visits, screenings and 
even interventions) and the unknown long- term effect 
of the disease. We only focused on the excess mortality 
during the different periods of 2020, thus limiting our 
analysis to the immediate increase in the number of 
deaths. Quantifying the overall burden of the disease is a 
challenge for future studies.

In summary, our study analysed the impact of 
COVID- 19 on excess mortality over the year 2020 in the 
Lombardy region, the first territory of the Western coun-
tries to be severely hit by the pandemic. Our findings 
suggest a homogeneous relationship between the inci-
dence of the disease and excess mortality across the 91 
Lombardy districts, which can be interpreted as the result 
of successful actions to limit health disparities over the 
regional territory in a critical, unprecedented conditions.
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Figure S.1. The figure graphically represents a simplification of the Directed Acyclic Graph (DAG) that 

was developed to represent the direct and indirect effects of the COVID-19 infections on the overall 

excess mortality. The DAG was used to identify the confounders to be included as adjusting factors in 

our multivariable model. We highlighted the study exposure (i.e., the real spread of the COVID-19 in 

the region) and outcome (i.e., the excess mortality) in green and red. The set of confounders, 

highlighted in blue, was identified by the back-door criterion. Specifically, a set of nodes satisfies this 

criterion if two conditions are satisfied: 1) no node in the set is a descendant of the exposure; 2) the 

set blocks all of the paths between the exposure and the outcome containing an arrow into the 

exposure. 
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